Abstract: An intelligent backstepping sliding-mode control system using radial basis function network (RBFN) for a two-axis motion control system using permanent magnet linear synchronous motors (PMLSMs) is proposed. First, single-axis motion dynamics with the introduction of a lumped uncertainty, including cross-coupled interference between the two-axis mechanism, is derived. Then, to improve the control performance in reference contour tracking, a backstepping sliding-mode approach is proposed to compensate for uncertainties occurring in the motion control system. The bound of the lumped uncertainty is necessary in the design of the backstepping sliding-mode control system and is difficult to obtain in advance in practical applications. Therefore, an RBFN uncertainty observer is proposed to estimate the required lumped uncertainty in the backstepping sliding-mode control system. An adaptive learning algorithm, which can learn the parameters of the RBFN online, is derived using Lyapunov stability theorem. The proposed control algorithms are implemented in a TMS320C32 DSP-based control computer, and the motions in the x-axis and y-axis are controlled separately. The simulated and experimental results of circle and four leaves reference contours show that the motion tracking performance is significantly improved and the robustness to parameter variations, external disturbances, cross-coupled interference and frictional forces can also be obtained using the proposed controller.
Introduction
In modern manufacturing systems, computer numerical controlled (CNC) machines have become important elements [1] [2] [3] . CNC machines generally can be divided into two types: mechanical types with servo drive systems and servo controllers that control the multi-axis motion of the mechanical parts. In general, the CNC machine consists of an x-y table and a z-axis motion mechanism, where each motion axis is driven by an individual actuator system, such as DC or AC motors. The motion mechanisms using motor drives usually lead to the existence of the unmodelled dynamics, coupled interferences, unmeasured friction, and disturbances between each other, which often deteriorate the system performance significantly in machining processes [1] . Therefore, in order to improve the tracking performance in machining processes, many studies have been presented [4] [5] [6] . In addition, the design of two-axis motion control with high-performance and high-precision machining is required in modern manufacturing. Since the direct drive design of mechanical applications based on PMLSM is a viable candidate to meet the increasing demands for higher contouring accuracy at high machine speeds [7] [8] [9] [10] [11] , the motion control of an x-y table consisting of two PMLSMs is considered in this paper. The direct drive design based on PMLSM has the following advantages over its indirect counterpart: no backlash and less friction; high speed and high precision in long-distance locations; simple mechanical construction, resulting in higher reliability and frame stiffness; and high thrust force [7] . However, the servo performance of the PMLSM is greatly affected by uncertainties, including parameter variations, external disturbances and unmodelled dynamics in the drive system since it is not equipped with auxiliary mechanisms such as gears or ball screws. Furthermore, since the operation of PMLSM involves two contacting bodies, a nonlinear friction force is inevitably among the forces of motion. The friction characteristic may easily be varied owing to the change of normal forces in contact, temperature and humidity [12, 13] . Besides, in a closed-loop control system, the nonlinear friction force often results in steady-state error, limit cycle and low bandwidth [12, 13] .
Adaptive backstepping is a systematic and recursive design methodology for nonlinear feedback control [14] [15] [16] [17] [18] . In many cases, the feedback linearisation method using geometric approach [19] is only valid in some local region and with a disturbance-free setting. The adaptive backstepping design alleviates some of these limitations [14] [15] [16] . Moreover, while the feedback linearisation method requires precise modelling and often cancels some useful nonlinearities [19] , the adaptive backstepping design offers a choice of design tools for accommodation of uncertainties and nonlinearities and can avoid wasteful cancellations. Furthermore, the adaptive backstepping control approach is capable of keeping almost all the robustness properties [14] [15] [16] [17] [18] . The idea of backstepping design is to select recursively some appropriate functions of state variables as pseudo-control inputs for lower dimension subsystems of the overall system. Each backstepping stage results in a new pseudo-control design, expressed in terms of the pseudocontrol designs from preceding design stages. When the procedure terminates, a feedback design for the true control input results, which achieves the original design objective by virtue of a final Lyapunov function formed by summing up the Lyapunov functions associated with each individual design stage [16] . In addition, owing to the robust control performance of adaptive backstepping control and slidingmode control, numerous combined adaptive backstepping and sliding-mode control schemes have appeared for both linear and nonlinear systems [20] [21] [22] [23] .
Intelligent control approaches, such as neural networks and fuzzy systems, do not require mathematical models and have the ability to approximate nonlinear systems. Therefore, many researchers used intelligent control approaches to represent complex plants and construct advanced controllers [24] . Moreover, the locally tuned and overlapped receptive field is a well-known structure that has been studied in regions of the cerebral cortex, visual cortex, and so on [24] . Based on the biological receptive fields, the RBFN, which employs local receptive fields to perform function mappings, was proposed in [25] . Furthermore, the RBFN has a faster convergence property than a multilayer perceptron (MLP) because the RBFN has a simple structure. In addition, the RBFN has a similar feature to the fuzzy system. First, the output value is calculated using the weighted sum method. Then, the number of nodes in the hidden layer of the RBFN is the same as the number of if-then rules in the fuzzy system. Finally, the receptive field functions of the RBFN are similar to the membership functions of the premise part in the fuzzy system. Therefore, the RBFN is very useful for application in controlling dynamic systems [26, 27] .
In this paper, an intelligent backstepping sliding-mode control system using RBFN is designed to control the position of mover of an x-y table using two PMLSMs. First, in order to obtain the simplified control design, the single-axis dynamics of the field-oriented control PMLSM with the introduction of a lumped uncertainty, which includes parameter variations, external disturbances, crosscoupled interference and friction force, is derived. The considered lumped uncertainty includes variation of mover mass and unknown external disturbance force, which are the major concerns in motion control applications. Then, a backstepping sliding-mode controller is designed to improve the control performance in reference contour tracking. To increase further the robustness of the x-y table machine to uncertainties, an RBFN uncertainty observer is proposed to estimate the required lumped uncertainty in the backstepping sliding-mode control system. Then an online parameter training methodology, which is derived using the Lyapunov stability theorem, is proposed to increase the learning capability of the RBFN. Under the proposed control scheme, the single-axis dynamics of the field-oriented control PMLSM and the robust control performance are obtained by the proposed intelligent backstepping sliding-mode control system using RBFN. In addition, the proposed intelligent control system and the field-oriented mechanism are implemented in a control computer that is based on a 32-bit floating-point DSP, TMS320C32. Additionally, some simulated and experimental results are provided to demonstrate the effectiveness of the proposed control scheme. Finally, the performance measures of the experimental results of the backstepping sliding-mode controller are also discussed for comparison of the control performance.
Modelling of x2y table machine
The x-y table machine used in this study consists of two PMLSMs. The adopted PMLSM includes a long stationary tubular 'secondary' with guidance rail and linear scale, and a moving short 'primary', which contains the core armature winding and Hall sensing elements. The adopted PMLSMs are 220 V 5.0 A 475 N type. The machine model of a singleaxis PMLSM can be described in synchronous rotating reference frame as follows [7] :
where
and i ¼ x, y (x and y denote the axis); v di , v qi are the d-q axis voltages; i di , i qi are the d-q axis currents; R si is the phase winding resistance; L di , L qi are the d-q axis inductances; o ri is the angular velocity of the mover; o ei is the electrical angular velocity; l PMi is the permanent magnet flux linkage; and n pi , which is 1, is the number of primary pole pairs. Also,
where v i is the linear velocity of the mover; t i , which is 32 mm, is the pole pitch; v ei is the electric linear velocity; f ei is the electric frequency. The developed electromagnetic power is given by
Thus, the electromagnetic force is
The configuration of a single-axis field-oriented control PMLSM servo drive system is shown in Fig. 1 
where K fi is the thrust coefficient and i Ã qi is the thrust current command. The mover dynamic equation using the electromagnetic force shown in (10) is
where M i is the total mass of the mover; D i is the viscous friction and iron-loss coefficient; F Li includes the external disturbances and the cross-coupled interference due to twoaxis mechanism; and f i ðvÞ is the friction force. Considering Coulomb friction, viscous friction and the Stribeck effect, the friction force can be formulated as follows [12, 13] : The overbar symbol represents the system parameter in the nominal condition. Although the electromagnetic force can be simplified as (10) via the field-oriented control, considering the variations of system parameters and external disturbances, including cross-coupled interference and friction force, the x-y table machine is a nonlinear timevarying system in practical applications.
3 Intelligent backstepping sliding-mode control system using RBFN
To control the motion of an x-y table, an intelligent backstepping sliding-mode control system using RBFN is proposed. The motions of the x-axis and y-axis are controlled separately. The configuration of the proposed intelligent backstepping sliding-mode control system using RBFN for a single-axis PMLSM is shown in Fig. 2 . All the subscripts i are removed for simplicity in the descriptions of this Section, including those in Fig. 2 . Each field-oriented control PMLSM servo drive can be formulated by rewriting (10) and (12) as follows:
and U T is the control effort, i.e. the thrust current command. Now, considering the existence of parameter variations and external force disturbances including cross-coupled interference and friction force for the single-axis field-oriented control PMLSM servo drive system,
A n is the nominal value of A p ; B n is the nominal value of B p ; and DA and DB denote the uncertainties introduced by system parameters M and D.
Reformulate (18) as
where H is named the lumped uncertainty and defined by
The lumped uncertainty H will be observed by an RBFN and assumed to be a constant during the observation. The above assumption is valid in practical digital processing of the observer since the sampling period of the observer is short enough compared with the variation of H. The control objective is to design an intelligent backstepping sliding-mode control system for the output Y of the system shown in (19) bounded functions of time. The proposed intelligent backstepping sliding-mode control system using RBFN is designed to achieve the position-tracking objective and is described step-by-step as follows:
Step 1
For the position-tracking objective, define the tracking error as
and its derivative is
Define the following stabilising function:
where c 1 is a positive constant. The first Lyapunov function is chosen as
Step 2
The derivative of z 2 is now expressed as
To design the backstepping sliding-mode control system, the lumped uncertainty is assumed to be bounded, i.e. 7H7rr, and the following Lyapunov function is defined:
with the sliding surface
Using (26) and (27) , the derivative of V 2 can be derived as follows:
According to (30), a backstepping sliding-mode control law U T is designed as follows:
where k 1 , k 2 and r are positive constants; and U H is a robust controller, which is designed to confront the lumped uncertainty as follows:
Substituting (31) and (32) into (30), the following equation can be obtained:
Note that (33) can be rewritten
where P is a positive definite symmetric matrix with the following form
and
Note that the determinants of the principal minors of P are all positive; a sufficient condition to guarantee that P is positive definite is
Define the following term: Since V 2 ðz 1 ð0Þ, z 2 ð0ÞÞ is bounded and V 2 ðz 1 ðtÞ, z 2 ðtÞÞ is nonincreasing and bounded, the following result can be concluded:
Moreover, _ OðtÞ is also bounded. Then, O(t) is uniformly continuous. Using Barbalat's lemma [19] , the following result can be obtained:
That is z 1 and z 2 will converge to zero as t-N. 
Step 3
Since the lumped uncertainty H is unknown in practical application, the upper bound r is difficult to determine; therefore an RBFN uncertainty observer is proposed to adapt the value of the lumped uncertaintyĤ . The architecture of an RBFN with N receptive field units is shown in Fig. 3 and the receptive field function is usually a Gaussian function or a logistic function [25] . If the Gaussian function is selected as the receptive field function and assuming that the input vector of the RBFN is X ¼ ½x 1 x 2 Á Á Á x i T and 
where W j is the connective weight between the hidden layer and the output layer, the mean vector M j ¼ ½m 1j m 2j Á Á Á m ij T and the standard deviation vector P j ¼ diag½1=s 
which are the collected vectors of W j and G j , respectively. To develop the adaptation laws of the RBFN uncertainty observer, the minimum reconstructed error d is defined as:
where W Ã is an optimal weight vector that achieves the minimum reconstructed error. Then, a Lyapunov candidate is chosen as
where Z 1 and Z 2 are positive constants; andd is the estimated value of the minimum reconstructed error d. The estimation of the reconstructed errord is to compensate for the observed error induced by the RBFN uncertainty observer and to further guarantee the stable characteristic of the whole control system.
Taking the derivative of the Lyapunov function and use (30), then According to (46), an intelligent backstepping sliding-mode control law U T is proposed as follows:
in which the robust controller U H is redesigned as (48) and U R is a compensated controller designed as (49).
U H ¼Ĥ ðWÞ ð 48Þ

U R ¼d ð49Þ
Substituting (47), (48) and (49) into (46), the following equation can be obtained: If the adaptation laws for _ W and _ d are designed as follows:
Then, (50) can be rewritten as follows:
By using Barbalat's lemma [19] , it can be shown that O(t) tends to zero as t-N. Therefore, z 1 and z 2 will converge to zero as t-N. As a result, the stability of the proposed intelligent backstepping sliding-mode control system using RBFN can be guaranteed. Moreover, since the condition b _ b 0 holds, the sliding mode is guaranteed on the sliding surface b ¼ 0. On the other hand, the guaranteed convergence of tracking error to be zero does not imply convergence of the estimated value of the lumped uncertainty to its real value. The persistent excitation condition should be satisfied for the estimated value to converge to its real value [19] . Using the proposed intelligent backstepping sliding-mode control design, the forward of the velocity and acceleration of the reference trajectory naturally resulted in superior tracking performance.
Simulated and experimental results
The block diagram of the DSP-based computer control two-axis motion control system is shown in Fig. 4 . A TMS320C32 floating-point DSP is the core of the control computer. Moreover, the control computer includes multichannels of analogue-to-digital converters (ADCs), digitalto-analogue converters (DACs), parallel input/output (PIO) and encoder interface. The current-controlled PWM VSI is implemented using an intelligent power module (IPM) switching component with a switching frequency of 15 kHz.
Digital filters and frequency multiply by four circuits are built into the encoder interface circuits to increase the precision of position feedback. The resulting resolution is 1 mm. The field-oriented mechanism and the proposed intelligent backstepping sliding-mode control system are realised in the DSP using the 'C' and 'Assembly' language. All the programs are developed under Windows environment in the PC and are then downloaded to the EPROM. After plugging the EPROM into the DSP-based control computer, one can manipulate the computer control system via keyboard and LCD. Three-phase command currents are sent to the x-axis and y-axis motor drives using DACs. The methodology proposed for the implementation of the realtime intelligent backstepping sliding-mode control system consists of the main program, one interrupt service routine (ISR) and one subroutine 'control' in the DSP. In the main program, parameters and input/output (I/O) initialisation are set first then the interrupt interval for the ISR is set. After enabling the interrupt, the ISR with 0.2 ms sampling rate is used for the encoder interface and field-oriented mechanism. The ISR reads the mover position from the linear scale and Hall sensor and gets the control effort i Ã qx ; i Ã qy from the subroutine 'control' to calculate the three-phase current commands via field-oriented mechanism, then sends the calculated three-phase current commands to the x-axis and y-axis motor drives via DACs. Since the DSP control computer has only one hardware interrupt available, a parameter x in the ISR is used to record the executing times of the ISR. When the parameter x is equal to 5, the subroutine 'control' begins to execute resulting in 1.0 ms sampling rate. The subroutine 'control' first reads the mover position from the encoder then calculates the motor velocity v x , v y and the control effort i 
Contour planning
The contour planning is very important to control the x-y table effectively. The circle and four leaves contours are adopted in this study to show the control performance of the proposed intelligent backstepping slidingmode control system. Although the contour planning is for two dimensions of motion control, in practical Fig. 5a can be described as:
where Dj is the variation value of the angle; R is the radius of the circle; X i is the command contour of the x-axis; and Y i is the command contour of the y-axis. According to the contour function, the circle contour can be generated by the accumulation of the angle with the changing of time. Moreover, the speed of the rotor can be changed with the value of Dj. The four leaves contour is shown in Fig. 5b in which the motion can be divided into five parts: a-e. The four leaves contour can be described as follows:
b trajectory: c trajectory:
e trajectory: 
According to the contour function, the four leaves contour can also be generated by the accumulation of the angle with the changing of time. In addition, the tracking speed of the contour can also be changed with the value of Dj.
Performance measures
To measure the performance of the backstepping slidingmode control system and intelligent backstepping slidingmode control system using RBFN, the maximum tracking error T M , the average tracking error m and the standard deviation of the tracking error T S for the contour tracking are defined as follows: The comparison of the control performance can be easily shown using the maximum tracking error and the average tracking error. Moreover, the oscillation of the contour tracking can be measured by the standard deviation of the tracking error.
Simulation
To investigate the effectiveness of the proposed intelligent backstepping sliding-mode control algorithm, two simulated cases are considered in the following:
The simulation is carried out using the 'Matlab' package.
To demonstrate the control performance of the proposed control system with different contours, the simulated results All the parameters in the proposed control systems are chosen to achieve the best transient control performance in both the simulation and experimentation considering the requirement of stability. The coefficients of the friction model used in this study are as follows: 
To show the effectiveness of the intelligent backstepping sliding-mode control system with small neurons, the RBFN has two, nine and one neurons at the input, hidden and output layers, respectively. In addition, the initial values of To show the improvement of the control performance of the proposed intelligent backstepping sliding-mode control system, the backstepping sliding-mode control system shown in (31) is adopted to control the x-y table for comparison of the control performance. The lumped uncertainty bounds, r x ¼ 3.6 and r y ¼ 5. backstepping sliding-mode control system and intelligent backstepping sliding-mode control system using maximum tracking error, the average tracking error and standard deviation of the tracking error for the tracking of the circle and four leaves contours are shown in Tables 1 and 2 , respectively. From the results shown in Table 1 , although the parameters of the backstepping sliding-mode control system are chosen to be the same as the proposed intelligent backstepping sliding-mode control system, good tracking responses still cannot be obtained. Therefore, higher measures of tracking errors result. Serious measures of tracking errors due to degenerate responses result in Case 2.
Comparing the performance measures of the backstepping sliding-mode control system and the proposed intelligent backstepping sliding-mode control system, the proposed control system is more suitable for implementation to control the x-y table when uncertainties of various reference contours occur.
Experimentation
Two test conditions are provided in the experimentation, which are the nominal condition and the parameter variation condition. The parameter variation condition is the addition of one iron disc with a mass 20 kg on the mover of the x-y table. The experimental results of the tracking responses of the x-y table, the control efforts and the tracking errors of the x-axis and y-axis using the proposed intelligent backstepping sliding-mode control system due to circle and four leaves contours for the nominal condition are shown in Figs x-axis and y-axis using the proposed intelligent backstepping sliding-mode control system due to circle and four leaves contours for the parameter variation condition are shown in Figs. 11 and 13 . From the experimental results, good tracking responses of the x-y table can be obtained at both the nominal and the parameter variation conditions. In addition, the robust control characteristics of the proposed control scheme under the occurrence of parameter variation can be clearly observed. Additionally, the resultant chattering phenomena in the control efforts as shown in Figs. 10d, 10e, 11d , 11e, 12d, 12e, 13d and 13e are due to the time-varying and nonlinear characteristics of the friction force.
To show the improvement of control performance of the proposed intelligent backstepping sliding-mode control system, the backstepping sliding-mode control system shown in (31) is also adopted in the experimentation to control the x-y table for comparison. The performance measures of the backstepping sliding-mode control system and intelligent backstepping sliding-mode control system for the circle and four leaves contours tracking at the nominal condition and the parameter variation condition are shown in Tables 3 and 4 , respectively. From the measures at nominal condition, although the parameters of the backstepping sliding-mode control system are chosen the same as the proposed intelligent backstepping sliding-mode control system, good tracking responses cannot be achieved. Therefore, higher measures of tracking errors result. Serious measures of tracking errors due to degenerated responses in the experimentation also result with regard to parameter variation for the backstepping sliding-mode control system.
Conclusions
This paper has successfully demonstrated the application of an intelligent backstepping sliding-mode control system using RBFN to control an x-y table consisting of two field-oriented control PMLSM servo drives for reference contours. First, the principle of the field-oriented control PMLSM servo drive was introduced. Then, a robust control system was designed in the sense of backstepping control technique. To relax the requirement for the bound of lumped uncertainty, an RBFN with simple network structure was proposed to adapt the lumped uncertainty in real time. In addition, an online parameter training methodology, which is derived using the Lyapunov stability theorem, was proposed to increase the learning capability of the RBFN. The proposed intelligent backstepping slidingmode control system using RBFN is robust for parameter variations, external disturbances, cross-coupled interference and frictional force at different trajectories. Finally, simulation and experimentation were carried out using circle and four leaves reference contours to test the effectiveness of the proposed control scheme. The major contributions of this study are: (i) the successful derivation of adaptive learning algorithms based on Lyapunov stability for an RBFN; (ii) the successful development of an intelligent backstepping sliding-mode control system using RBFN to confront the parameter variations and disturbances, including cross-coupled interference and friction force; (iii) the successful application of the intelligent backstepping sliding-mode control system using RBFN on a two-axis motion control system to track different reference contours with robust control performance.
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